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E emissionof a layer

A upwardbeamat thegivenlayer

B downwardbeamat thatlayer

A0 emergingbeamat theupperboundary
Ű opticaldepth

Net radiation at thesurface:

Eq. (1)  AïE = SH + LH = A0/2
May be derived from first principles (Milne 1930, Handbook of Astrophysics)

Schwarzschild(1906, Eq. 11)

Liou (2002, Fig. 8.9)                  Hartmann (2016, Fig. 3.16) 

Representedin: Ostriker (1963, Eq. 15); Goody (1964, Eq. 2.115); Houghton (1977, Eq.
2.13); Chamberlain(1978, Eq. 1.2.29); GoodyandYung(1989, 2.146); Stephens(1991, Eq. 1
& 2; 1994, Eq. 5a & 5b); Hartmann (1994, Fig. 3.10-3.11); Liou (2002, Fig. 8.9);
Pierrehumbert(2010, Eq. 4.44-4.45); Hartmann(2016, Fig. 3.16)Χ
I think my studyis the first that controlsit on globalmeanobserveddata.



Total radiation at thesurfaceif = 1 :

Eq. (2)   A = 2A0

Hartmann (1994, Fig. 2.3)   ůTS
4 = 2ůTA

4

Eq. (2)  A = 2A0   at Ű= 2 

Liou (1980, Fig. 8.20) = 1 => ̀T4 = 2̀ Ta
4



Entropyexport to spaceby radiation(Eq.5),
entropy produced within the atmosphere
(Eq.7), and the total entropy producedby
the Earthsystem(Eq.8), asa function of ,ʁ
isat maximumif =ʁ 1.

Katoand Rose (2020, Fig. 1)

Eq. (2): Why =ʁ 1?  Maximum entropyproduction?



Eq. (1) SFC (SW down ïSW up + LW down ïLW up) (clear) = TOA LW ( clear) /2

Eq. (2) SFC  (SW down ïSW up + LW down) (clear) = TOA    LW (clear) Ĭ2

Eq. (3) SFC (SW down ïSW up + LW down ïLW up) (all) = TOA    [LW ( all) ïLWCRE ] /2

Eq. (4) SFC (SW down ïSW up +  LW down) (all) = TOA    LW (all) Ĭ2 + LWCRE

Eq. (1)  SFC SW+LW Net (clear)   = A ïE  = A0/2

Eq. (2)  SFC SW+LW Total (clear) = A = 2A0

Creating theall-skyversions(including LWCRE):

Eq. (3) SFC SW+LW Net (all) = A ïE = (A0ïL)/2

Eq. (4) SFC SW+LW Total (all) = A = 2A0 + L



Eq. (1) SFC SW down ïSW up + LW down ïLW up (clear) = TOA LW (clear)/2 Diff

Ed2.8 244.06 ï29.74 + 316.27 ï398.40 = 265.59 /2 ï0.60

Ed4.2 241.1519 ï29.7397 +  317.8570  ï398.6099 = 266.1348 /2 ï2.4081

Eq. (2) SFC SW down ïSW up +  LW down (clear) = 2 ĬTOA LW (clear)

Ed2.8 244.06 ï29.74 + 316.27 = 2 Ĭ265.59 ï0.590

Ed4.2 241.1519 ï29.7397 +  317.8570  = 2 Ĭ266.1348 ï3.0005

Eq. (3) SFC SW down ïSW up + LW down ïLW up (all) = [TOA LW (all) ïLWCRE ]/2

Ed4.1              186.8544ï23.1629+ 345.0108 ï398.7454 = (240.2450ï25.7672)/2 +2.7083

Ed4.2 187.0918 ï23.4436 + 346.1147   ï398.4220 = (240.3317 ï25.8032)/2 +4.0766

Eq. (4) SFC SW down ïSW up +  LW down (all) = 2 ĬTOA LW (all) + LWCRE

Ed4.1              186.8544ï23.1629+ 345.0108 = 2 Ĭ240.2450+ 25.7672 +2.4450

Ed4.2 187.0918 ï23.4436 +  346.1147 = 2 Ĭ240.3317 + 25.8032 +3.2963

Ed4.1 Mean 0.0007

Ed4.2 Mean 0.4911

Four Equations, EBAF Edition 2.8& 4.2
(March 2000 ςFeb 2016) (Rose et al. 2017, 27th CERES STM)



Eq. (1) SFC SW down ïSW up + LW down ïLW up (clear) = TOA LW (clear)/2 Diff

Ed2.8 244.06 ï29.74 + 316.27 ï398.40 = 265.59 /2 ï0.60

Ed4.2 241.1519 ï29.7397 +  317.8570  ï398.6099 = 266.1348 /2 ï2.4081

Eq. (2) SFC SW down ïSW up +  LW down (clear) = 2 ĬTOA LW (clear)

Ed2.8 244.06 ï29.74 + 316.27 = 2 Ĭ265.59 ï0.59

Ed4.2 241.1519 ï29.7397 +  317.8570  = 2 Ĭ266.1348 ï3.0005

Eq. (3) SFC SW down ïSW up + LW down ïLW up (all) = [TOA LW (all) ïLWCRE ]/2

Ed2.8              186.47 ï24.13 + 345.15 ï398.27 = (239.60 ï25.99)/2 +2.41

Ed4.2 187.0918 ï23.4436 + 346.1147   ï398.4220 = (240.3317 ï25.8032)/2 +4.0766

Eq. (4) SFC SW down ïSW up +  LW down (all) = 2 ĬTOA LW (all) + LWCRE

Ed2.8              186.47 ï24.13 + 345.15 = 2 Ĭ239.60 + 25.99 +2.30

Ed4.2 187.0918 ï23.4436 +  346.1147 = 2 Ĭ240.3317 + 25.8032 +3.2963

Ed4.1 Mean 0.0007

Ed4.2 Mean 0.4911

Four Equations, EBAF Edition 2.8& 4.2
(March 2000 ςFeb 2016) (Rose et al. 2017, 27th CERES STM)



FourEquations, EBAF Edition 4.1 & 4.2
CERES EBAFEd4.1 & Ed4.2, 22 years(April2000 ςMarch2022) (Wm-2)

Eq. (1) SFC SW down ïSW up + LW down ïLW up (clear) = TOA LW (clear)/2 Diff

Ed4.1 240.8680ï29.0724 + 317.4049ï398.5211 = 266.0122/2 ï2.3267

Ed4.2 241.1519 ï29.7397 +  317.8570  ï398.6099 = 266.1348 /2 ï2.4081

Eq. (2) SFC SW down ïSW up +  LW down (clear) = 2 ĬTOA LW (clear)

Ed4.1 240.8680ï29.0724+ 317.4049 = 2 Ĭ266.0122 ï2.8238

Ed4.2 241.1519 ï29.7397 +  317.8570  = 2 Ĭ266.1348 ï3.0005

Eq. (3) SFC SW down ïSW up + LW down ïLW up (all) = [TOA LW (all) ïLWCRE ]/2

Ed4.1              186.8544ï23.1629+ 345.0108 ï398.7454 = (240.2450 ï25.7672)/2 +2.7083

Ed4.2 187.0918 ï23.4436 + 346.1147   ï398.4220 = (240.3317 ï25.8032)/2 +4.0766

Eq. (4) SFC SW down ïSW up +  LW down (all) = 2 ĬTOA LW (all) + LWCRE

Ed4.1              186.8544ï23.1629+ 345.0108 = 2 Ĭ240.2450 + 25.7672 +2.4450

Ed4.2 187.0918 ï23.4436 +  346.1147 = 2 Ĭ240.3317 + 25.8032 +3.2963

Ed4.1 Mean +0.0007

Ed4.2 Mean 0.4911

} ï2.5752

} +2.5766



The four equations are intimately connected
Decrease TOA LW(clear) by 1 Wm-2

Eq. (1) SFC  SW down ïSW up + LW down ïLW up (clear) = TOA LW ( clear)/2 Diff

Ed4.1 240.8680ï29.0724 + 317.4049ï398.5211 = 266.0122/2 ï2.3267

Ed4.1 240.8680ï29.0724 + 317.4049ï398.5211 = 265.0122/2 ï1.8267

Eq. (2) SFC  SW down ïSW up +  LW down (clear) = 2 ĬTOA LW ( clear)

Ed4.1 240.8680ï29.0724+ 317.4049 = 2 Ĭ266.0122 ï2.8238

Ed4.1 240.8680ï29.0724+ 317.4049 = 2 Ĭ265.0122 ï0.8238

Eq. (3) SFC  SW down ïSW up + LW down ïLW up (all) = [TOA LW ( all) ïLWCRE]/2

Ed4.1              186.8544ï23.1629+ 345.0108 ï398.7454 = (240.2450 ï25.7672)/2 +2.7083

Ed4.1              186.8544ï23.1629+ 345.0108 ï398.7454 = (240.2450 ï24.7672)/2 +2.2083

Eq. (4) SFC  SW down ïSW up +  LW down (all) = 2 ĬTOA LW ( all) + LWCRE

Ed4.1              186.8544ï23.1629+ 345.0108 = 2 Ĭ240.2450 + 25.7672 +2.4450 

Ed4.1              186.8544ï23.1629+ 345.0108 = 2 Ĭ240.2450 + 24.7672 +3.4450

Ed4.1 Mean +0.0007

Ed4.1 Mean +0.7507

Ed4.2 Mean 0.4911

} ï1.3252

} +2.8266

ï2.5752

+2.5766



FourEquations, EBAF Edition 4.1 & 4.2
CERES EBAFEd4.1 & Ed4.2, 22 years(April2000 ςMarch2022) (Wm-2)

Eq. (1) SFC SW down ïSW up + LW down ïLW up (clear) = TOA LW (clear)/2 Diff

Ed4.1 240.8680ï29.0724 + 317.4049ï398.5211 = 266.0122/2 ï2.3267

Ed4.2 241.1519 ï29.7397 +  317.8570  ï398.6099 = 266.1348 /2 ï2.4081

Eq. (2) SFC SW down ïSW up +  LW down (clear) = 2 ĬTOA LW (clear)

Ed4.1 240.8680ï29.0724+ 317.4049 = 2 Ĭ266.0122 ï2.8238

Ed4.2 241.1519 ï29.7397 +  317.8570  = 2 Ĭ266.1348 ï3.0005

Eq. (3) SFC SW down ïSW up + LW down ïLW up (all) = [TOA LW (all) ïLWCRE ]/2

Ed4.1              186.8544ï23.1629+ 345.0108 ï398.7454 = (240.2450 ï25.7672)/2 +2.7083

Ed4.2 187.0918 ï23.4436 + 346.1147   ï398.4220 = (240.3317         ï25.8032)/2 +4.0766

Eq. (4) SFC SW down ïSW up +  LW down (all) = 2 ĬTOA LW (all) + LWCRE

Ed4.1              186.8544ï23.1629+ 345.0108 = 2 Ĭ240.2450 + 25.7672 +2.4450

Ed4.2 187.0918 ï23.4436 +  346.1147 = 2 Ĭ240.3317         + 25.8032 +3.2963

Ed4.1 Mean +0.0007

Ed4.2 Mean +0.4911

} ï2.7043

} +3.6865

Bias, or Ed4.2 captured something physical that Ed4.1 missed?



EBAF Edition 4.2
22 years(Apr 2000 ςMar 2022)
22 years (Jan 2001 ςDec 2022)

Eq. (1) SFC SW down ïSW up + LW down ïLW up (clear) = TOA LW (clear)/2 Diff

Apr -March 241.1519 ï29.7397 +  317.8570  ï398.6099 = 266.1348 /2 ï2.4081

Jan-Dec 241.1085ï29.7012 +  317.9809 ï398.7213 = 266.1207 /2 ï2.3935

Eq. (2) SFC SW down ïSW up +  LW down (clear) = 2 ĬTOA LW (clear)

Apr -March 241.1519 ï29.7397 +  317.8570  = 2 Ĭ266.1348 ï3.0005

Jan-Dec 241.1085ï29.7012 +  317.9809  = 2 Ĭ266.1207 ï2.8533

Eq. (3) SFC SW down ïSW up + LW down ïLW up (all) = [TOA LW (all) ïLWCRE ]/2

Apr -March  187.0918 ï23.4436 + 346.1147   ï398.4220 = (240.3317         ï25.8032)/2 +4.0766

Jan-Dec 187.0941ï23.4179+ 346.2001 ï398.5297 = (240.3606         ï25.7601) /2 +4.0463  

Eq. (4) SFC SW down ïSW up +  LW down (all) = 2 ĬTOA LW (all) + LWCRE

Apr -March 187.0918 ï23.4436 +  346.1147 = 2 Ĭ240.3317         + 25.8032 +3.2963

Jan-Dec 187.0941ï23.4179+ 346.2001 = 2 Ĭ240.3606         + 25.7601 +3.3949  

Apr -March Mean +0.4911

Jan-Dec Mean +0.5486

} ï2.7043

ï2.6234

} +3.6865

+3.7206
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Stephens et al. 
(2023) BAMS



Stephens et al. 
(2023) BAMS

Eq. (3)  Sensible heat+ Evaporation       = (Outgoing LW ςLWCRE)/2
25.4 +         81.1             = (239.5 ς26.7)/2 + 0.1

Eq. (4)  Absorbed SW + All-sky emission = 2 × Outgoing LW + LWCRE
160.7 +        345.1            = 2 × 239.5 + 26.7 + 0.1



Stephens et al. 
(2023) BAMS

LWCRE
26.7

Eq. (3)  Sensible heat+ Evaporation       = (Outgoing LW ςLWCRE)/2
25.4 +         81.1             = (239.5 ς26.7)/2 + 0.1

Eq. (4)  Absorbed SW + All-sky emission = 2 × Outgoing LW + LWCRE
160.7 +        345.1            = 2 × 239.5 + 26.7 + 0.1

Stephens et al. 2012



Stephens et al. 
(2023) BAMS

Eq. (3)  Sensible heat+ Evaporation       = (Outgoing LW ςLWCRE)/2
25.4 +         81.1             = (239.5 ς26.7)/2 + 0.1

Eq. (4)  Absorbed SW + All-sky emission = 2 × Outgoing LW + LWCRE
160.7 +        345.1            = 2 × 239.5 + 26.7 + 0.1

LWCRE
26.7

Stephens et al. 2012

Eqs. (3) and (4) express
fundamentalphysical
requirements, verifiedby
30 yearsof GEWEX.

Any future globalenergy 
flow estimate, climate
report, sensitivitystudy, 
water change prediction, 
cloud forcing and CRE-
feedback assessment
shouldstrictly satisfythese
constraintswith this
examplaryaccuracy.


